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The iron-containing electrode material is a promising candidate for low-cost Na-ion batteries. In this 
work, the electrochemical properties of Fe 3 0 4 nanoparticles obtained by simple hydrothermal reaction 
are investigated as an anode material for Na-ion batteries. The Fe 3 0 4 with alginate binder delivers a 
reversible capacity of 248 mAhg -1 after 50 cycles at a current density of 83mAg -1 (0.1 C), while the 
electrode using polyvinylidene fluoride binder shows a gradually capacity fading to 79 mAhg -1 after 
50 cycles. The high electrochemical performance can be ascribed to both the nano size of Fe 3 0 4 and 
excellent binding ability of alginate binder which can buffer large volume change. The mechanism of 
conversion reaction for Fe 3 0 4 is also tracked by combining electrochemical impedance spectroscopy 
analysis and magnetization measurement after electrochemical cycling. Finally, the Na-ion full cell 
consisting of the Fe 3 0 4 -alginate anode and the Na 3 V 2 (P0 4 ) 3 /graphene cathode is assembled to 
demonstrate performance of the Fe 3 0 4 anode for Na-ion batteries. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

Lithium-ion batteries (LIBs) with an operating voltage of ~3.6- 
4 V have been extensively used as power sources for portable 
electronic devices such as laptops, cell phones, etc [1,2]. The 
lithium resources are limited which is main drawback to meet the 
large scale applications. Hence, it is necessary to develop the new 
batteries that can replace lithium such as sodium and magnesium- 
ion batteries [3-6]. The electrochemistry of sodium-ion batteries 
(SIBs) is almost similar to that of the LIBs. Furthermore, the cost of 
sodium-containing materials is relatively low due to the abun¬ 
dance of sodium resources. Therefore, SIBs could substitute current 
LIBs especially in large-scale energy storage applications. Whereas 
numerous materials have been investigated as cathode materials 
for SIBs, a few anode materials have been proposed [7]. 
Senguttuvan et al. reported the electrochemical properties of 
Na 2 Ti 3 0 7 with capacity of 175 mAh g -1 [8]. Sun et al. demonstrated 
high capacity Sb 2 0 4 thin film electrode (896 mAhg -1 ), but this 
material is concerned about poor safety [9]. Xiong et al. reported 
Ti0 2 nanotube as an anode candidate for SIB's with capacity of 
70 mAhg -1 [10]. Zhao et al. showed disodium terephthalate 
(Na 2 C 8 H 4 0 4 ) as high performance anode material with stable 
capacity of 250 mAhg -1 [11 ]. Xiao et al. reported highly reversible 
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alloying reactions in SnSb/C nanocomposites anode material with 
capacity of 544mAhg -1 with good Coulombic efficiency [12]. 
Graphite cannot be used as an anode material for SIBs like LIBs due 
to the low intercalation/deintercalation capability of Na ions. Pure 
Na metal also cannot be used because of dendrite formation during 
continuous charging/discharging and low melting point which 
causes safety issues. 

In this work, we present the high capacity and low cost Fe 3 0 4 
nanoparticles (< 10 nm) as an attractive candidate for a negative 
electrode material of SIBs. Ferrite (Fe 3 0 4 ) is a ferrimagnetic material, 
crystalizes in inverse spinel structure with the space group of Fd-3 m. 
In inverse spinel structure, oxygen ions form face-centered cubic 
(FCC) lattice and the tetrahedral (A) sites are occupied by the Fe 3+ 
ions and the octahedral sites (B) are occupied by the divalent metal 
ions Fe 2+ and Fe 3+ , in equal proportions [ 13,14]. In addition, Fe 3 0 4 is a 
nontoxic and inexpensive material which can be obtained by easy 
synthetic process. Electrochemical activity of Fe 3 0 4 in SIBs is firstly 
introduced by Komaba et al., as compared to electrochemical 
property of Li [15,16]. In 2013, Hariharan et al. demonstrated Fe 3 0 4 
nanoparticles as an anode material for both LIBs and SIBs based on 
conversion reaction [17]. Materials with nano dimensions (nano¬ 
particles, nanorods, nanowires) have attracted enormous attention 
for their enhanced electrochemical properties and interesting 
behaviours applied in battery research field [15-20]. Due to high 
surface area and very fast redox reactions, battery capability and 
other electrochemical behaviours are highly influenced by nano 
materials. However, rechargeable batteries based on oxide anodes 
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generally suffer from low cyclability and low energy efficiency due 
to large polarization effects [21 -25]. In addition to the particle size, 
binders used for electrode preparation have influenced on the 
electrochemical properties of ferrite anodes because the active 
materials are easily separated and isolated from the current 
collector and conducting agents by huge volume changes during 
conversion reactions. Especially, the volume expansion in SIBs can 
be intensified more than that in LIBs due to larger ionic radius of Na 
[16,26]. Effect of different binders (polyvinyl pyrrolidone (PVP), 
polyvinylidene fluoride (PVDF), poly acrylic acid (PAA) and 
carboxymethyl cellulose (CMC)) on electrochemical properties of 
electrodes have been reported by several research groups [27-31 ]. 

In the present case, we made an attempt to grow the Fe 3 0 4 
particles in sub 10 nm size and explored the possibilities to overcome 
the capacity fading problems in conversion reactions. Moreover, we 
have applied PVDF and alginate binders to explore the best binder for 
Fe 3 0 4 anodes in SIBs for the first time to the best of our knowledge. In 
addition to that, we have performed the ex-situ magnetic studies on 
the electrodes during the electrochemical cycling, and we found 
that stable cycling performance and good rate capability of 
Fe 3 0 4 /alginate electrodes are correlated with the magnetic 
properties. Lastly, we assembled a sodium-ion full cell coupled 
with a cathode material, Na 3 V 2 (P0 4 ) 3 , to confirm the feasibility of 
Fe 3 0 4 nanoparticles for anode materials in SIBs. 

2. Experimental details 

2 A. Synthesis of Fe 3 0 4 nanoparticles 

Nanocrystalline Fe 3 0 4 particles were synthesized by a hydro- 
thermal method. 0.3244 gm of FeCl 3 was dissolved in 25 ml of 
deionized water under the vigorous magnetic stirring. 10 ml of 0.6 M 
Na 2 C0 3 was added into the above solution drop by drop. After stirring 
the solution for 10 minutes, 0.12 gm of ascorbic acid was added into 
the solution and allowed for 20 minutes stirring. The suspension 
solution was transferred to a 100 ml teflon-lined container with 75% 
filling the volume of the autoclaves for hydrothermal reaction. The 
autoclaves were sealed and maintained at 160 °C for 3 h in a heating 
oven. After the reaction was complete, the autoclave was cooled 
down to room temperature. The final material was collected and 
washed with ethanol and deionized water several times to wash out 
the impurity ions, and then dried in an oven at 80 °C for few hours. 

2.2. Characterization 

Structural characterization at room temperature (RT) was 
performed by obtaining the powder X-ray diffraction (XRD) patterns 
employing Cu-Ka radiation (1.54 A). The measurements were 
performed employing a PANalytical (X’pert PRO) X-ray diffractome¬ 
ter. Particle size and morphology analysis were characterized 
employing a field emission scanning electron microscope (FE-SEM 
Hitachi S-4800, Japan) and a transmission electron microscope with 
energy dispersive spectroscopy (TEM), JEOL 2010F HRTEM, Japan, 
with a 200 kV operating voltage. The Raman spectra of powders were 
recorded at RT employing a HR 800 Raman spectrophotometer (Jobin 
Yvon- Horiba, France) using monochromatic He-Ne LASER (633 nm), 
operating at 20 mW. Magnetization measurement was carried out at 
RT employing a vibrating sample magnetometer (VSM, LakeShore 
7407). 

2.3. Electrochemical measurement 

The electrochemical studies of the synthesized Fe 3 0 4 nanoparti¬ 
cle were conducted in a CR2032 coin cells. The composite electrode 
was prepared by mixing 70 wt. % of active material with 20 wt. % 
Super P carbon black and 10 wt. % PVDF and sodium alginate binders 



Fig. 1 . The XRD pattern of Fe 3 0 4 powders and formation of inverse spinel phase 
without any impurities is evident. 

in suitable solvent. The obtained slurry was coated on a piece of 
copper foil and cut into 12 mm diameter circular electrodes. Sodium 
foil was used as an anode and 1 M solution of NaC10 4 in propylene 
carbonate was used as electrolyte. Coin cells were assembled in an 
argon-filled glove box (M. O. Tech, S. Korea) using borosilicate glass- 
fiber separator (Whatman GF/D). The Na 3 V 2 (P0 4 ) 3 /G (G denotes 
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Fig. 2. SEM images of Fe 3 0 4 particles. Uniform distribution of nano particles is 
clearly seen. 
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graphene) composite was used as a cathode material in testing Na- 
ion full cells. Details of the preparation and electrode fabrication for 
Na 3 V 2 (P 04 ) 3 /G are described in our previous paper [32]. We firstly 
assembled coin half-cells for Fe 3 0 4 /alginate electrodes with Na 
metal both to overcome large irreversible capacity and to confirm the 
capacity profile of the electrode again. We disassembled the coin cell 
after 5 cycles in the glove box, and washed the Fe 3 0 4 electrode by 
pure DMC solvent three times. The electrode was dried in glove box 
for one day, and then the Na-ion full cell is made of a fresh- 
Na 3 V 2 (P0 4 ) 3 /G electrode as a cathode and the pre-cycled Fe 3 0 4 
electrode as an anode. The mass loading for the cathode and the 
anode is 1 mg and 1.5 mg, respectively, and the area for the cathode 
and the anode is 1.13 cm 2 and 1.54 cm 2 , respectively. The cyclic 
voltammetry and electrochemical impedance spectroscopy at 
various potentials during first discharge-charge cycle were mea¬ 
sured using Biologic Science Instruments (Model: VMP3) between 
1 M FIz to 2 m Hz under AC stimuli with 5 mV of amplitude. The 
Na-half cells were galvanostatically cycled between 3 V and 0.02 V 
using Automatic battery cycler system (WBCS3000, Wonatech, S. 
Korea), and the Fe 3 0 4 /Na 3 V 2 (P0 4 ) 3 Na-ion full cell was cycled 
between 3.2 V and 1.0 V at a rate of 0.2 C based on the cathode weight 
using a potentiostat (VMP3, Bio-Logic, France). 

3. Results and Discussion 

3 A. Structural characteristics and surface morphology 

Fig. 1 shows the XRD patterns of the pure Fe 3 0 4 powders 
recorded at room temperature. Fe 3 0 4 is found to crystallize in 
inverse spinel structure belonging to Fd-3m space group without 


any impurity phase. The crystallite size (D) was calculated from the 
integral width of the diffraction lines using the well-known 
Scherrer’s equation after background subtraction and correction 
for instrumental broadening. 

The Scherrer equation is: D=0.9\/(3 cos0, where D is the size, X 
is the wavelength of the filament used in the XRD machine, (3 is the 
width of a peak at half of its intensity, and 0 is the angle of the peak 
[33]. The average grain size was found to be ~15 nm. Fig. 2 shows 
the SEM images of prepared Fe 3 0 4 samples at different magni¬ 
fications. From Fig. 2, the observed average particles size is 10 nm. 
The TEM images of the Fe 3 0 4 nanoparticles shown in Fig. 3 a and 3b 
indicate the formation of agglomerates with nanospheres ~10 nm 
in dia. Fig. 3 c shows an HRTEM image of high crystalline Fe 3 0 4 
nanoparticles, and the inter-planar d-spacing is matched with the 
(220) and (311) planes for the inverse spinel Fe 3 0 4 structure. From 
Fig. 3d, the observed Debye-Scherrer rings represent the (220), 
(311), (400), (511) and (440) lattice planes and confirm the phase 
and purity of Fe 3 0 4 nanoparticles. 

Fig. 4 shows the Raman spectra of Fe 3 0 4 powder recorded at 
room temperature. Raman spectra showed five active modes of 
(Ag + E g + 3T 2g ) and the peaks were observed for Fe 3 0 4 at 
302.34 cm- 1 , 460.38 cm- 1 , 577.60 cm- 1 , 615.88 cm- 1 and at 
690.63 cm -1 . The peaks corresponding to the wave numbers of 
660 cm -1 to 720 cm -1 indicate tetrahedral group and that between 
460 cm -1 to 660 cm -1 indicate octahedral group of ferrites [34]. 

3.2. Electrochemical characteristics for Na-half cells 

Fig. 5a and 5b present cyclic voltammetry (CV) plots of Fe 3 0 4 
nanoparticles with PVDF and alginate binders for 20 scanning 



Fig. 3. (a) and (b) TEM images at different magnifications, (c) an HRTEM image, and (d) Debye-Scherrer ring patterns for Fe 3 0 4 particles. 
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cycles, respectively. From Fig. 5 a and 5b, one cathodic peak at 
~0.5 V is observed which corresponds to the conversion reactions 
of Fe 2+ /Fe 3+ to their metallic states and the formation of Na 2 0 [35]. 
The broad anodic peak around 1.5 V is ascribed to the oxidation 
reactions of metallic Fe. In Fig. 5, the redox peak intensity of Fe 3 0 4 


with alginate binder is gradually changed compared with the 
electrode using PVDF binder, which is indicating that higher 
electrochemical stabilities of electrode. These cyclic voltammetry 
results indicate that Fe 3 0 4 with alginate binder exhibits better 
electrochemical properties than that with PVDF binder due to the 
high surface interaction between active materials and alginate 
binder. 

Fig. 6 shows the cycling performance of Fe 3 0 4 nanoparticles 
with PVDF binder. In Fig. 6a, Fe 3 0 4 nanoparticles deliver an initial 
discharge capacity of 590 mAh g -1 at 83 mAg -1 (0.1 C), and the 
discharge capacity value is 79mAhg _1 after 50 cycles. Fig. 6b 
presents the discharge curves of Fe 3 0 4 nanoparticles with PVDF 
binder up to 50 cycles. The cycling performance of Fe 3 0 4 
nanoparticles with alginate binder is shown in Fig. 7. From 
Fig. 7a, Fe 3 0 4 nanoparticles with alginate binder maintained stable 
discharge capacity of 248 mAh g -1 after 50 cycles with 98% of 
Coulombic efficiency. The charge-discharge profile for the Fe 3 0 4 
nanoparticles with alginate binder for 50 cycles is represented in 
Fig. 7b. The discharge profile did not exhibit any significant plateau 
region, but rather a bump around 0.5 V, followed by a long tail, 
which contributed to almost 70% of the initial capacity. The 
alginate binder shows the considerable performance even in 
different high current rates. The discharge capacity at current rates 
of 834 mAg" 1 (1C), 1668 mAg" 1 (2C), 4170 mAg" 1 (5C), 8340 mA 
g -1 (10C) and 16,680 mAg -1 (20C) for 10 cycles is shown in Fig. 8. 
The enhancement of electrochemical properties in Fe 3 0 4 nano¬ 
particles/alginate anode is might be due the strong bonding 
between nano crystalline material and binder. 
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Fig. 5. Cyclic voltammetry plots for the Fe 3 0 4 nanoparticles with PVDF and Na 
alginate binders 


Fig. 6. (a) Cyclic performance and (b) charge/discharge plots for the Fe 3 0 4 
nanoparticles with PVDF binder at 0.1 C rate. 
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Fig. 7. (a) Cyclic performance and (b) charge/discharge plots for the Fe 3 0 4 
nanoparticles with Na-alginate binder at 0.1 C rate. 


The scatters in Fig. 9 represent Nyquist plots for the Fe 3 0 4 
nanoparticles/alginate at different voltages. The latter were 
analyzed by fitting with an electrical equivalent circuit consisting 
of resistors and constant phase elements as shown in the inserted 
plot in Fig. 9a [36]. The electrical equivalent circuit elements are: 
electrolyte resistance (R e ), the inseparable surface film (SF) and 
charge transfer (CT) impedance R (S f + ct) and CPE (sf+C t) and the 
finite Warburg impedance (W d ). 

In Fig. 9a, the impedance results for the Fe 3 0 4 
nanoparticles/alginate at discharging state showed one semicircle 
and one spike were observed in high and middle frequency range. 
The semicircle at higher frequency is related to the formation of 
passivation film on the surface (SF) and the charge transfer process 
at interface (CT). At OCV, only surface film contribution will occur 
and it is depending on concentration of electrolyte. In addition, 
solid electrolyte interphase (SEI) formation/partial dissolution/re¬ 
formation also takes place on cycling. This is reflected in the 
changes in the value of surface film impedance (RSF) up on cycling 
[37]. The values as per fitting are shown in Table 1. 

The Nyquist plots of Fe 3 0 4 nanoparticles/alginate anode during 
first charging state are shown in Fig. 9b. From Fig. 9b, at 0.6 V and 
1.4 V, the Nyquist plots contain high frequency semicircle along 
with spike which is due to the formation of the metal oxides from 
the Fe-metal nano-particles through the conversion reaction. 
Further charging up to 2 V and 3 V, the surface film and charge 
transfer impedance decreases ascribed to partial dissolution of 
polymeric gel-type layer [38]. 

Therefore, a noticeable difference for the SEI formation and 
conversion processes existed for the sodiation of magnetite, 



Specific capacity (mAh g' 1 ) 

Fig. 8. (a) Cyclic performance and (b) charge/discharge plots for the Fe 3 0 4 
nanoparticles with Na-alginate binder at different current rates. 


matching with the above results. The specific capacity due to Fe 3 0 4 
sodiation was much lower than that predicted from Eq. (1), 
reinforcing the idea that a full conversion could not occur in this 
case. Furthermore, the volume change related to conversion 
reaction should also affect the cycling properties of the electrode 
which causes capacity fading. Flence, we concluded that the 
electrochemical impedance studies are supporting the conversion 
reaction mechanism. 

3.3. Magnetic properties 

Fe 3 0 4 electrodes were prepared with PVDF and alginate binders 
separately and electrochemical cycling was performed on all of 
them. RT magnetic measurements were carried out on the Fe 3 0 4 
electrodes with alginate binder after the electrochemical cycling, 
due to their better electrochemical performance compared to that 
of Fe 3 0 4 /PVDF electrodes. Magnetization measurements were 
carried out on the electrodes after 1 st discharge, 1 st cycle, 10 th cycle 
and 50 cycles. Fig. 10 shows the room temperature magnetization 
curves of Fe 3 0 4 /alginate electrodes compared to that of pure Fe 3 0 4 
powders. Magnetic moment is seen to be unsaturated even at 
15kOe for all the cases and the magnetic moment at 15kOe is 
represented as saturation magnetization (M s ) here after. Satura¬ 
tion magnetization (M s ) of pure Fe 3 0 4 powder is seen to be 
87emug _1 , which is well matched with the previous reported 
values that indicating the formation of Fe 3 0 4 in pure phase [39]. In 
the case of Fe 3 0 4 /alginate electrodes, saturation magnetization 
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Fig. 9. Electrochemical impedance plots for the Fe 3 0 4 nanoparticles with Na- 
alginate binder during (a) discharging and (b) charging. 

values after 1st discharge, 1st cycle 10th cycle and 50th cycle are 
64, 87, 37 and 41 emug' 1 , respectively (Table 2). 

During the 1st discharge, Fe 3 0 4 reacts with the Na ions and 
converts into Fe nanoparticles along with an amorphous Na 2 0 
phase. Flowever, in the reverse oxidation process (completion of 
1st cycle), Fe nanoparticles are oxidized to Fe 3 0 4 phases. 
Conversion redox mechanism may occur in the following steps 
[16]: 

Fe 3 0 4 + 8Na + + 8e - <-► 3Fe° + 4Na 2 0-(1) (1) 

M s value after 1st discharge is seen to be 64emug -1 which is 
lower than that of pure Fe 3 0 4 powders. M s values after the 
electrochemical cycling can be explained as follows. After the 1st 
discharge, nanoparticle of Fe along with amorphous Na 2 0 is 
present in the electrode. Exchange interaction between the Fe 
magnetic moments might be complicated in the disordered 
discharged electrode due to the presence of amorphous Na 2 0. 
Few moments might couple parallel to each other and few might 
couple anti-parallel to each other. Therefore, the net magnetization 


Table 1 

Impedance parameters of the Fe 3 0 4 cell with an alginate binder during the 1st 
discharge-charge cycles at various voltages. 


Voltage (V) 

Re (Ohm) 

R (sf+ct) (Ohm) 

w d 

Discharge OCV (2.8) 

6.2 

281 

0.8 

2 

8.5 

667 

0.7 

1.2 

8.0 

644 

0.8 

0.8 

7.6 

608 

0.7 

0.4 

7.1 

512 

0.7 

0.02 

6.9 

447 

0.7 

Charging 0.6 

6.7 

403 

0.7 

1.4 

7.0 

386 

0.7 

2 

6.9 

232 

0.8 

3 

6.9 

159 

0.7 



Fig. 10. Room temperature magnetization curves of Fe 3 0 4 -alginate electrodes after 
1st discharge, 1st, 10th and 50th cycles compared with the pure Fe 3 0 4 powders. 

is expected to be less than the saturation magnetization value of 
pure Fe. Reported M s value for pure Fe is 221 emug -1 [40]. In 
addition to that, some of the Fe metal nanoparticles might have 
been converted into Fe oxides before the ex-situ magnetic 
measurement was carried out, leading to decrease in the saturation 
magnetization values. After the completion of 1st cycle, Fe 
nanoparticles are oxidized to Fe 3 0 4 . In the present case, the M s 
value after 1st cycle is seen to be same as that of pure Fe 3 0 4 
powders, confirming the formation of Fe 3 0 4 at charging state. After 
first cycle, M s values are stable and its value is seen to be 
41 emug -1 after 50 cycles. 

The saturation magnetization values are flowing same manner like 
discharge capacity values with number of cycles. Magnetization 
loops are seen to be very narrow after charging and discharging the 
electrodes. Due to the very small particle size, each particle 
behaves as a single domain resulted in superparamagnetic like 
behavior. 

3.4. The Fe 3 04 /Na 3 V 2 (P 0 4 ) 3 Na-ionfull cell 

The Na-ion full cell coupled with a Na 3 V 2 (P0 4 ) 3 /G cathode was 
assembled to demonstrate feasibility of Fe 3 0 4 nanoparticles with 
alginate binders as an anode material for real Na-ion battery 
system. Fig. 11a shows the cycling performance of a Fe 3 0 4 -alginate/ 
Na 3 V 2 (P0 4 ) 3 full cell. The full cell delivers an initial discharge 
capacity of 92 mAhg -1 at a rate of 0.2C (1C corresponds 118 mAh 
g -1 based on theoretical capacity of a Na 3 V 2 (P0 4 ) 3 cathode), which 
is close to the reported practical capacity of Na 3 V 2 (P0 4 ) 3 [32]. The 
discharge capacity is decreased as 60mAhg -1 after 20 cycles; 
however, charge/discharge efficiency has gradually increased by 
99% from the initial efficiency of 94%. Although the cycling stability 
for a Na-ion full cell should be enhanced, this preliminary result 
indicates the feasibility of Fe 3 0 4 /alginate electrode as an anode for 
Na-ion batteries. Oh et al. reported the highest performance for 
Fe 3 0 4 as an anode for Na-ion full cell; 76% of the initial capacity was 
achieved after 150 cycles for the Fe 3 0 4 /Na[Ni 0 . 2 5 Fe 0 . 5 Mn 0 . 2 50 2 ] full 
cell based on EMS electrolytes [35]. The practical capacity and 
cyclability of a full cell can be enhanced by optimizing other factors 
such as electrode formula and balance, electrolytes, and cell 
process conditions, thus, the future study will focus on perfor¬ 
mance improvement of Na-ion full cells considering these 
variables. The charge-discharge voltage profiles for the full cell 
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Table 2 

Saturation magnetization values of Fe 3 0 4 - alginate electrodes after the electrochemical cycles. 


Electrochemical cycles 

Saturation magnetization (emu/g)Fe 3 0 4 -alginate electrode 

1 st discharge 

64 

1 st cycle 

87 

10 th cycle 

37 

50 th cycle 

41 
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Fig. 11. (a) Cyclic performance and (b) charge/discharge plots for the Fe 3 0 4 - 
alginate/Na 3 V 2 (P0 4 ) 3 /G Na-ion full cell at 0.2C rate in the voltage range from 1.0 to 
3.2 V. 


during cycling are presented in Fig. lib. The Fe 3 0 4 -alginate/ 
Na 3 V 2 (P 04 ) 3 /G full cell showed average discharging voltage of 
~1.6V, and the typical voltage profile is well matched with the 
voltage difference of Na 3 V 2 (P0 4 ) 3 and Fe 3 0 4 half-cell results. The 
Na 3 V 2 (P0 4 ) 3 has shown a flat plateau at ~3.4V vs. Na metal [32] 
while Fe 3 0 4 exhibits rather a sloppy voltage profile as shown in 
Fig. 7b. Therefore, the overall profiles for the full cell follow anode 
side in this case. 


4. Conclusions 

Pure Fe 3 0 4 nanoparticles were successfully synthesized by the 
hydrothermal process. The prepared Fe 3 0 4 nanoparticles were 
characterized by XRD, Raman spectroscopy, SEM and HRTEM 
techniques. Electrochemical properties of Fe 3 0 4 nanoparticles 
were investigated with two different binders (PVDF and Na- 
alginate), and Fe 3 0 4 nanoparticles with alginate binder has 
delivered stable capacity of 248mAhg _1 vs Na/Na + at 0.1 C rate 
as well as good cyclability by 50 cycles. Furthermore, we have 


studied both electrochemical impedance and magnetization 
measurements for the Fe 3 0 4 /alginate electrode to find the path 
of conversion reaction mechanism during discharging and 
charging. Finally, we have confirmed possibility for real Na-ion 
full cells by combining a Fe 3 0 4 -alginate anode and Na 3 V 2 (P0 4 ) 3 /G 
cathode. The current studies can expand understanding of 
conversion reaction in Na-ion batteries, and the iron-based 
nanoparticles with suitable binder system can be directly applied 
to realize low-cost Na-ion batteries for the foreseeable future. 
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